This project is investigating microbiological removal of 13 hazardous air pollutant (HAP) precursors and pyrite from four U.S. coals. Shake flask and column tests are being conducted to determine the rate and extent of the process. Each test determines the rate of microbial pyrite oxidation, the extent of HAP precursor removal, and the mass balance of HAP precursor elements.
Tests run during this quarter investigated for the first time the removal of pyrite and HAP precursors in columns at high initial concentrations of ferric ions (10 g/l). Ferric ions are probably the primary oxidant of pyrite and most HAP precursor minerals in coal. Previous shake flask and column tests were begun with coal and nutrient salts only. As microbial pyrite oxidation proceeded, ferric ion concentrations in solution slowly increased with time. However, since high concentrations of ferric ions are expected in microbial coal processing streams, it is important to determine the effects elevated ferric concentrations on HAP precursor and pyrite removal. Such highly oxidizing solutions may be more effective in removing the undesirable inorganic components of coal, as long as increased precipitation of iron, sulfate or other elements does not occur.
The Idaho National Engineering Laboratory (INEL) slurry column reactor was operated in a series of test runs this quarter in preparation for full operation of reactor performance, complete with HAP precursor analyses and mass balance determinations. The slurry column reactor employs both physical separations and microbial oxidation for removal of pyrite. Its performance in HAP precursor removal will be evaluated in the coming quarter.
Results and Discussion
Shake Flask Tests--Results of Kentucky Coal (Task 2)
The fourth and final shake flask test was completed. This test employed Kentucky No. 9 bituminous coal, obtained from the Penn State Coal Sample Bank (sample DECS-18). The material was sieved and the minus 100 mesh fraction used in the shake flask test. As in previous tests, flasks contained 20% solids in dilute mineral salts (modified Kelly medium) adjusted to pH 2 with sulfuric acid. Two flasks were inoculated with pyrite oxidizing bacteria. An additional two flasks served as abiotic controls and were treated with a biocidal solution of 2% thymol in methanol.
The rate of pyrite oxidation (Table 1) was calculated from the maximum slope of the iron and sulfate dissolution curves shown in Figure 1 . This interval occurred from days 4 to 10 for Fe and days 3 to 8 for sulfate. The controls showed little if any increase in solution iron and sulfate. The rate of depyritization of Kentucky coal as estimated from solution iron and sulfate concentrations (5 to 7% per day) was similar to that found with Pittsburgh (8 to 9% per day) and Indiana (4 to 5% per day) coals (second quarter report).
The analysis of the raw Kentucky feed coal had not been completed at the end of the quarter. However, the Penn State coal bank value for pyritic sulfur in this coal is 2.37% and this value was used in the above plots. The analysis of the recovered coal residues (Table 2) indicated approximately 94% biodepyritization, based on the 2.37% pyritic sulfur value, confirming the rapid and extensive biodepyritization of Kentucky coal. Solution sulfate and iron concentrations indicated about 75% of the pyrite was removed through microbial activity. These data indicated some precipitation of iron and sulfate occurred.
Significant amounts of HAP precursor elements As, Co, Cd, Mn, and Ni were removed from Kentucky No. 9 coal based on an analysis of raw coal compared recovered residues (Table 2) . These 5 HAP precursors were similarly removed in previous shake flask tests with Pittsburgh and Indiana coals. Solution analyses (Table 3) confirmed the removal of these elements from the coal, and also indicated some removal of selenium and lead. Selenium was not significantly removed by microbial activity in previous shake flask tests with other coals. Intermediate solutions in the Kentucky coal shake flask test (Table 3) indicated that As and Cd increased in concentration with time as the extent of pyrite oxidation increased. There was a much higher concentration of these elements in solutions of inoculated flasks compared to uninoculated flasks. Cadmium extractions of 137% and 134% (Table 3 ) are high probably due to analytical error in determining the Cd content of the starting coal which was only slightly above the detection limit. Solutions in inoculated flasks also contained significantly higher concentrations of Se and Pb. These data suggest biooxidation played an important role in the extent of dissolution of As, Cd, Se, and Pb. The concentrations of Se and Pb increased little after 10 days. Additionally, Mn, Co and Ni increased relatively little after the initial analysis at day 10. However, differences in solution concentration of these elements between inoculated and control flasks were less pronounced than with As, Cd, Se, and Pb. This suggests a portion of Mn, Co and Ni were solubilized by acidic conditions in the flasks.
Mass balances for HAP precursors in Kentucky coal were largely within a range of 93 to 120% (Table 4) . Values outside this range were associated with Hg and Cd which were present in the coal at near detection limits. Hg, Sb, F and Cl were not solubilized and are not shown above. The % extraction was calculated by dividing the mass of HAP precursor in solution by the mass of HAP precursor in starting coal (data are shown in the first two columns of Table 4 ). fluorine not yet done
chlorine not yet done *Four values appear for each HAP precursor. As shown for Hg above, the first two rows are for the two inoculated flasks, the last two rows are for control flasks. Mass balances were determined by adding the total mg in solution (mg/l x liters) to the mg recovered in coal residues (mg/kg x kg) divided by the mg in raw coal (mg/kg x kg).
Completion of Indiana No. 5 Column Test (Task 3)
In the previous quarterly report, the kinetics of pyrite dissolution from Indiana No. 5 coal and concentrations of HAP precursors in leach solutions were reported. Tables 5,  6 , and 7 below report the analysis of coal residues, the concentration of HAP precursors in the final leach solutions, and the mass balance calculations for this column test.
Based on the pyritic S analyses of the residues, the Indiana No. 5 coal was 71 to 74% biodepyritized compared to 38% depyritization in control columns. However, the organic sulfur content of biotreated and control coals increased by about 0.5% on an absolute basis. Only about 0.2% of the 0.5% increase was due to sulfate. Some accumulation of elemental sulfur may have occurred in this coal. Only about 50% biodepyritization of the coal was indicated from solution iron and sulfate concentrations (see 4th quarter report, fig. 2 ).
Residue and solution analyses indicated that significant amounts of HAP precursors As, Cd, Co, Mn, and Ni were removed from coal by microbial leaching. Loss of Hg, present at near detection limits, was suggested by residue analysis but was not confirmed by solution data (Table 7) . Slight removal of Se also occurred.
As and Cd tended to increase in concentration in solution with time, tracking pyrite oxidation as estimated from solution Fe and sulfate (Table 6 ). In addition, significantly higher concentrations of these elements occurred in inoculated columns. In contrast, Co, Mn, and Ni increased little after 16 days. Concentrations of these elements were similar in inoculated and control columns. These data suggest 1) Co, Mn, and Ni were largely mobilized by acidic conditions, and 2) As and Cd were mobilized largely due to biooxidation. The purpose of these tests was to determine the rate and extent of pyrite and HAP precursor removal from coal in columns by solutions initially containing high ferric ion concentration. Results will be compared to data from previous column tests where the initial ferric ion concentration was zero. The high concentration of ferric ions might be more effective in removing HAP precursors from coal.
Tests at high initial ferric ion concentration are more representative of conditions that would exist in a process for biological pyrite and HAP precursor removal from coal, where fresh coal would be leached with solution from coal previously treated with pyrite oxidizing bacteria. Microbial oxidation of pyrite in the fresh coal would result in progressively higher concentrations of ferric ions (and other solutes) in leach solutions. Eventually, solutions would have to be treated (neutralized) to remove acidity, iron, and HAP precursors.
Two reservoirs each containing 200 ml of MKM solution (dilute mineral satls at pH 2 to support the growth of pyrite oxidizing bacteria) plus 10 g/l of ferrous iron (as ferrous sulfate heptahydrate) were inoculated with a mixed microbial population pregrown in a slurry of MKM plus pyrite and Pittsburgh 8 coal. The reservoirs were aerated. After 6 days, the iron oxidizing bacteria oxidized 99% of the ferrous iron to ferric iron and the redox potential in the solutions had risen from 593 mV (SHE) to 732 to 742 mV. At this point, the solution from the reservoirs was recirculated either through a column containing 100 g of 28 x 100 mesh Indiana No. 5 or Pittsburgh No. 8 coal.
Recirculation continued for 23 days at room temperature. Samples were removed periodically for determination of pH, redox potential, ferrous and total iron, sulfate, and HAP precursors. Tables 8, 9 10, and 11 show the analysis of feed coal and biooxidized residues, % extraction of HAP precursors, and mass balances for Pittsburgh and Indiana coals.
Neither solution iron or sulfate concentrations provided a good estimate of pyrite biooxidation rate. Acid consumption by the coals early in the solution recirculation process probably resulted in some precipitation of these analytes. Indeed, rust colored precipitates were observed in reservoirs and in columns, and the sulfate-S content of the biooxidized residues was higher than the raw coal. By analysis of biooxidized residues, 59 and 50% depyritization occurred over the 23 days for Pittsburgh and Indiana coals, respectively (Table 8) . This corresponds to a pyrite oxidation rate over 2% per day, which is about twice the rate observed with these coals in previous column tests (see third quarter report, Table 9 ). This higher rate was probably due to maintenance of higher concentrations of ferric ions in the reservoir solutions than occurred in previous tests. Despite the precipitation of iron, the solution ferric iron concentrations throughout the test were 4 to 10 g/l, and the redox potentials were >700 mV (SHE). In the previous column tests, the ferric ion concentrations reached 4 to 5 g per liter only near the conclusion of the tests.
Residue analyses suggested significant amounts (>20%) of Be, Co, Mn and Ni were removed from Pittsburgh coal by the high ferric solutions. Significant Cd, Se, Co, Pb, and Mn were reoved from Indiana coal. The solution analyses (Table 9) indicated Co, Mn and Ni were significantly removed from these coals in the first 17 days. Cd was also significantly removed from Indiana No. 5 coal, through less rapidly than Co, Mn, and Ni. In contrast to past results, As removal from these coals by high ferric solutions was modest. The arsenic may have been solubilized but then precipitated along with the iron as ferric arsenate. This precipitation would have implications for coal processing and waste treatment. An acidic rinse of coal prior to application of solutions containing high ferric concentrations might be required.
The removal of Co, Mn and Ni from Pittsburgh coal by high initial ferric ion concentration was more rapid than in the previous column test with low initial ferric ion concentration. The faster removal was associated with the faster removal of pyrite, since the percentage of HAP precursor removed at the end of the test (59% pyrite oxidation) was fairly similar to the percentage of HAP precursor removed at the end of the previous test at 64-69% pyrite removal (third quarter report).
With Indiana coal, Cd, Co, Mn and Ni were removed more rapidly in the high ferric test (Table 9 ) than in the previous test (Table 6 of this report). However, the extent of HAP precursor removal was somewhat higher in the high ferric system at the end of the test (day 23 with high ferric, day 54 with low ferric) than found previously with initial low ferric concentration.
Mass balances in the high ferric test were generally good (80 to 120%). Be and Mn recovery was low in Pittsburgh coal. Lead recovery was high in Indiana coal. ) to increase cell numbers. Coal was added to the slurry column reactor to make a 35% w/w slurry. Each reactor was inoculated with 3 liters of a cell/coal suspension.
Four batches of coal were processed in preparation for complete tests involving HAP precursor measurements and mass balances. The first run lasted 41 days and was designed primarily to allow bacteria to adapt to the coal. The next 3 runs were to check operating and sampling procedures. Jeff Richards of Unifield Engineering (subcontractors) was on hand for a few days to observe reactor performance and design mass balance procedures.
Good physical separation of ash forming minerals from coal occurred in 3 of the 4 runs (Table 13 ). There were some problems in closing water and coal balances with a new washing procedure due to excessive coal fines. During the coming quarter, retention time will be cut back to five days and these batches will be analyzed for HAP precursors.
Conclusions
Kentucky coal behaved similarly to Pittsburgh and Indiana coals in shake flask tests in terms of rate of depyritization and in the identity of HAP precursors removed (As, Co, Cd, Mn, Ni). Indiana No. 5 coal in columns also was biooxidized with removal of the same HAP precursors. Pittsburgh and Indiana coals in columns with high initial ferric ion concentrations were more rapidly depyritized than in previous column tests with these coals. Certain HAP precursors in Indiana coal were removed more rapidly in the high initial ferric ion tests. The INEL slurry column reactor was tested for coal-ash separations and for sampling protocols. The reactor is now ready for complete testing of coal biodepyritization and HAP precursor removal.
